Respiratory syncytial virus (RSV) is the leading cause of serious respiratory virus infections in infants and is a high priority for vaccine development. One obstacle to vaccine development is the legacy of vaccine-enhanced disease in children following natural infection (32, 34) . Studies of vaccineenhanced disease in animal models have suggested that the process is related to an altered pattern of CD4 ϩ T-lymphocyte activation and cytokine production (5, 10, 18, 19, 35, 49, 62, 69) . The G glycoprotein in particular has been implicated as an RSV antigen that promotes activation of Th2 CD4 ϩ T lymphocytes and induces eosinophilic infiltrates in the lung following RSV challenge (2, 4, 58) .
The large glycoprotein G serves as the attachment protein of RSV (40) and is one of the major glycoproteins expressed in the membrane of the virus (67, 68) . The protein is expressed on the surface of infected cells and secreted into the extracellular environment (26, 27) . Detailed structural studies have demonstrated that G possesses characteristics that are unusual among viral membrane proteins (31, 39, 70) . These traits include secretion of the protein, extensive O-glycosylation, and a unique peptide sequence with no significant homology to other viral proteins.
RSV G protein plays a role in both induction of protective immunity and disease pathogenesis. RSV-infected children produce a well-characterized antibody response to G (23, 43, 64, 65) . Passive transfer of antibodies to G (63, 66) or active vaccination with recombinant vaccinia viruses expressing RSV G (6, 45) is partially protective against live virus challenge in rodent models of RSV (60, 61, 66) . Screening of a panel of monoclonal antibodies raised against RSV G demonstrated that the majority of antibodies were reactive only with the glycosylated form of the protein and did not recognize the unglycosylated protein backbone (47) . When protein glycosylation was blocked or altered, production of G protein was inhibited (38) . Nevertheless, a peptide fragment, hypothesized to constitute a major part of the protection domain, elicited an antibody response and reduced viral titers in immunized mice (57) . While capable of inducing an antibody response, G is not a recognized target of cytotoxic T-lymphocyte-mediated immune responses in humans or mice (2, 4, 7, 8, 48, 59) .
Use of recombinant vaccinia virus expressing RSV G (vacG) to prime mice generated a Th2 CD4 ϩ T lymphocyte response, while vaccination with fusion (F) protein-expressing virus (vacF) induced a Th1 CD4 ϩ T-cell response (2, 48) . The disease profiles and lung pathology in naive mice injected with T cells from vacG-or vacF-primed mice also differed dramatically (1, 3, 46) . Transfer of G-specific CD4 ϩ T-cell clones to naive mice predisposed for more severe lung pathology and disease upon RSV challenge than did 22K-or F-specific clones (1) . In vacG-primed RSV-challenged mice, bronchoalveolar lavage (BAL) revealed 14 to 25% of cells in the pulmonary infiltrate to be eosinophils, whereas Ͻ3% of cells were eosinophils in mice primed with vacF or vacN (nucleoprotein [N]-expressing vaccinia virus) (46) . Attempts to promote Th1-like responses rather than Th2 responses with the adjuvant QS21 minimally decreased eosinophilia and interleukin-5 (IL-5) production induced by G priming, whereas it had a much greater effect on responses to F (25) . These data suggest that the primary or secondary antigenic structure of G may influence the composition of subsequent RSV-specific immune responses, but that RSV immunization with secreted glycoproteins can itself predispose to Th2-like immune responses.
Membrane-anchored and secreted forms of G protein are produced from alternative initiation codons (52) . Characterization of these two forms of RSV G demonstrate that the two proteins are structurally and antigenically similar, except for lack of the cytoplasmic tail in the secreted form of the protein.
The production of two forms of G protein is a trait conserved among all known strains of RSV, suggesting that it provides an advantage for RSV survival. We have addressed the contribution of secreted G glycoprotein to the composition of subsequent RSV-specific immune responses relative to influences from the primary or secondary antigen structure of G alone. Recombinant vaccinia viruses which express the three forms of G, secreted, membrane anchored, and wild type (both secreted and membrane anchored), have been constructed (52) . Using these constructs, we examined whether the route of antigen processing of the G antigen, rather than its primary or secondary antigenic structure, was the major determinant in regulating subsequent immune responses.
MATERIALS AND METHODS
Virus stocks and cell lines. Recombinant vaccinia viruses were obtained that express various RSV proteins (Table 1 ). Viral stocks were grown and purified by density gradient centrifugation on potassium tartrate gradients, using a modification of the protocol of Hall and Martin (24) . Briefly, BSC40 monolayers were infected with vaccinia virus and grown for 2 days. The infected cells and media were then harvested and sonicated, and the material was layered onto a cushion of 1.46 M sucrose-1 mM NaH 2 PO 4 (pH 7.2). After centrifugation for 90 min at 62,000 ϫ g, the supernatant was removed and the pelleted virions were resuspended in phosphate-buffered saline (PBS). The virus was sonicated and layered onto a continuous gradient from 0.85 to 2.13 M potassium tartrate in 0.01 M Tris-HCl (pH 8.5). The gradients were centrifuged 60 min at 62,000 ϫ g; the opaque band of virus was removed from the gradient and sonicated. The isolated virus was washed in cold PBS and pelleted by centrifugation for 90 min at 85,000 ϫ g. The virus pellet was resuspended in Eagle minimal essential medium (EMEM)-10% fetal calf serum (FCS), aliquoted, and stored at Ϫ70°C. All steps of vaccinia virus purification process were performed at 4°C. A stock of RSV (A2 strain) was generated in HEp-2 cells and stored at Ϫ70°C as previously described (20) . All cell lines and viral stocks were determined to be free of mycoplasma contamination by PCR analysis (American Type Culture Collection, Rockville, Md.).
Purification of secreted RSV G protein.
Monolayers of BSC40 cells were infected with vvM48 at a multiplicity of infection of 0.5. After 4 days growth, the culture supernatant was transferred to 50-ml centrifuge tubes and stored at Ϫ70°C. To separate cells and intact virions from secreted proteins, the culture supernatant was overlaid on a cushion of 1.46 M sucrose-1 mM NaH 2 PO 4 (pH 7.2) in an SW28 ultracentrifuge tube and centrifuged 90 min at 62,000 ϫ g in a Beckman (Palo Alto, Calif.) L8-80 ultracentrifuge. The supernatant was removed and dialyzed overnight at 4°C against 20 mM Tris-HCl-0.5 M NaCl (pH 7.4) (ConA [concanavalin A] binding buffer) and was then applied to a ConASepharose lectin column (Pharmacia Biotech, Piscataway, N.J.). Unbound proteins were removed from the column by washing with binding buffer until OD 280 (optical density at 280 nm) readings were less than 0.02. Bound proteins were eluted by application of a continuous gradient from 0 to 0.5 M methyl-␣-mannopyranoside in 20 mM Tris-HCl-0.5 M NaCl (pH 7.4). Three-milliliter fractions were collected throughout the chromatographic run. Fractions were screened by capture enzyme-linked immunosorbent assay (ELISA), and G-containing fractions were pooled and concentrated in Centriprep concentrators (Amicon, Inc., Beverly, Mass.). The purified protein was stored at Ϫ70°C.
Mouse priming and challenge. Pathogen-free 8-week-old BALB/c mice were obtained from Charles Rivers Laboratories (Raleigh, N.C.) and were housed in a barrier facility. Mice were primed with 5 ϫ 10 5 PFU (in 0.05 ml) of recombinant vaccinia virus by intradermal inoculation at the base of the tail and were monitored daily for lesion formation. In G reconstitution experiments, 850 ng of purified G (in 25 l) was injected intradermally at the base of the tail on each of the days 0, 1, 2, and 3 of priming. Formalin-inactivated, alum-precipitated RSV (FI-RSV) was prepared as previously described (19) and administered intramuscularly. Six weeks after immunization (4 weeks after clearance of cutaneous lesions), the mice were anesthetized and intranasally infected with 0.1 ml containing 10 7 PFU of live RSV. RSV-infected mice were weighed for 12 days following challenge. Illness was graded daily by a blinded observer where clinical features of illness were scored as follows: 0, no apparent illness; 1, slightly ruffled fur; 2, ruffled fur but active; 3, ruffled fur and inactive; 4, ruffled, inactive, hunched posture, and gaunt; 5, dead.
RSV plaque assays. Four or eight days following RSV challenge, mice were sacrificed by CO 2 narcosis and cervical dislocation. The lungs were removed, placed in EMEM-10% FCS, and quick-frozen in an alcohol-dry ice bath. RSV titers in the lungs were measured by standard plaque assays using 80% confluent HEp-2 monolayers. Briefly, lungs were quick-thawed and ground with a mortar and pestle. Serial 10-fold dilutions of lung supernatants were used to infect the monolayers in triplicate, and cultures were grown under 0.75% methylcellulose in EMEM-10% FCS. Cells were formalin fixed 5 days after infection and stained with hematoxylin and eosin, and plaques were counted under a dissecting microscope. Data are represented as the geometric mean log 10 PFU per gram of lung tissue Ϯ standard error of the mean (SEM) at the dilution producing more than five plaques per well.
Analysis of vaccinia virus replication in vivo. Pathogen-free 8-week-old BALB/c mice were infected with 5 ϫ 10 5 PFU (in 0.05 ml) of recombinant vaccinia virus by intradermal inoculation at the base of the tail and were monitored daily for lesion formation. On days 4, 7, 12, and 17 postinfection, mice were sacrificed. Spleens and inoculation site (10 to 12 mm of tail) were removed, placed in EMEM-10% FCS, and quick-frozen. Vaccinia virus titers in each tissue sample were measured by plaque assay as described above for RSV plaque assay with modification. The modifications included use of 80% confluent BSC40 cells, a 2-day incubation, and staining with crystal violet rather than with hematoxylin and eosin.
Quantitation of IFN-␥ and IL-5 in lung tissues. Levels of gamma interferon (IFN-␥) and IL-5 in lung tissues of primed and challenged mice were measured using commercially available ELISA kits (Endogen, Woburn, Mass.) according to the kit protocols. Briefly, supernatants from ground lungs of primed mice 4 and 8 days following RSV challenge (used for RSV titrations above) were thawed, added to precoated wells, and incubated for 2 h. Dilutions of recombinant cytokine were included for generation of a standard curve. Peroxidaselabeled anticytokine antibody was added to detect bound cytokine, and the plates were developed by the addition of tetramethylbenzidene substrate. Concentrations of cytokine in the lung supernatants were calculated from the standard curve produced.
Histopathology of lungs from RSV-challenged mice. Mice were sacrificed 8 days after RSV challenge, and their uncut lungs were fixed in phosphate-buffered 10% formalin for histopathological examination. Thin sections of formalin-fixed, paraffin-embedded lung tissue were stained with hematoxylin and eosin. Analysis included grading the degree of cellular infiltration and edema at the level of the alveolus and determination of the types of infiltrating cells. Inflammation was assessed according to the following scale: 0, no infiltrate; 1, mixed generalized increase in interstitial mononuclear cells without widening of alveolar septa; 2, dense septal mononuclear infiltrates with septal thickening and occasional foci of intra-alveolar cells; 3, significant alveolar space consolidation (intra-alveolar edema, inflammation, or hemorrhage) in addition to interstitial inflammation. Eosinophil-specific Luna staining was used to demonstrate tissue eosinophilia.
To quantitatively assess and compare the tissue eosinophilia induced by the various priming regimens, the percentage of eosinophils was determined by counting cells in lung infiltrates. Bronchovascular bundles in which the arteries were cut in cross section (where the length and width of the diameter were Ͻ1.5ϫ different in relative lengths) were identified in Luna-stained lung sections. Total cells and the number of eosinophils in the infiltrate around each qualifying vessel were counted. The entire infiltrate around each bronchovascular bundle was counted until the total cell count exceeded 300 cells. An average of three to five bronchovascular bundle infiltrates were counted per lung. The percentage of eosinophils were then calculated as (number of eosinophils/number of total cells) ϫ 100.
BAL of RSV-challenged mice. Mice were sacrificed 6 days after RSV challenge. The trachea was surgically exposed, and a 19-gauge blunt-end needle was inserted into a small cut made in the trachea. Through this endotracheal tube, 0.5 ml PBS containing 5% FCS was injected into the lungs. After washing for approximately 30 s, the fluid was withdrawn and transferred to a microcentrifuge tube. Smears were made of all BAL samples and were air dried overnight. The dried smears were then stained with Diff-Quick (Fisher Scientific, Pittsburgh, Pa.), and differential counts of standard cell types were performed.
Titers and isotype profiles of G-specific antibodies. Prechallenge sera were collected from vaccinia virus-primed mice by retro-orbital bleeding the day before RSV challenge. Sera were stored at Ϫ70°C until postchallenge samples were collected. Six weeks following RSV challenge, the mice were again bled, and serum was separated and frozen. To measure G-specific antibody, Nunc Immulon II microtiter plates were coated for 1 h with purified G protein (WyethLederle, Pearl River, N.Y.), the G protein isolated from RSV subtype A virus. Serial two-fold dilutions of pre-and postchallenge sera were added to the coated wells in duplicate and incubated for 1 h. Bound immunoglobulin was detected by the addition of horseradish peroxidase-conjugated rabbit anti-mouse immunoglobulin G1 (IgG1), IgG2a, or IgG/A/M (Zymed Laboratories, San Francisco, Calif.). The plates were developed with tetramethylbenzidene. Data are represented as log 2 values of the serum dilution producing 0.100 OD 450 unit and greater than twice the antigen-negative well. Production of neutralizing antibodies to RSV and vaccinia virus. Titers of neutralizing antibodies to both RSV and vaccinia virus in pre-and postchallenge sera were measured by plaque reduction neutralization assays as previously described (20) .
Statistical analysis. Data from individual experiments were maintained in a Paradox database. Statistical analysis was performed by transferring data from the database into the SAS (Chapel Hill, N.C.) statistical software to perform analysis of variance using Kruskal-Wallis and Wilcoxon rank sum tests. Comparisons were made between individual experiments by using statistical modeling and trend analysis calculated by the general linear model method in the SAS package. P values less than 0.05 were considered statistically significant.
RESULTS

Weight loss and illness following challenge of primed mice.
Mice were immunized with vaccinia virus constructs expressing F, wild-type G (vvWT G), secreted G only (vvM48), or membrane-anchored G only (vvM48I) ( Table 1) . Consistent with previous observations (1, 61) , illness in mice vaccinated with vvWT G was more severe and weight loss was significantly greater than in vacF-immunized mice (P Ͻ 0.05 at days 4 to 12, Kruskal-Wallis test [data not shown]). Mice primed with vvM48I exhibited patterns of illness and weight loss similar to those of vvWT G-primed mice ( Fig. 1 ; P Ͼ 0.05 at all days). However, mice immunized with vvM48 demonstrated illness and weight loss profiles significantly more severe than observed in vvM48I-primed mice ( Fig. 1 ; P Ͻ 0.05 at all days except day 7, where P ϭ 0.07). Thus, the presence of secreted G alone during priming, rather than membrane-anchored G, was associated with more severe disease upon subsequent RSV infection. However, the presence of membrane-anchored G can have a modulating effect on the illness profile induced by secreted G, decreasing the severity, as seen in mice immunized with vvWT G.
RSV replication following viral challenge. When RSV titers in the lungs were measured 4 days postchallenge, the degree of viral clearance differed among the priming groups (Fig. 2) . VacF priming resulted in greater reduction of RSV titers in lung than vvWT G, confirming earlier observations (45) . Reduction in RSV titers in lung was similar between vvWT Gand vvM48I-primed mice. In contrast, priming with vvM48 resulted in significantly less reduction in RSV titers than did vvWT G priming (P Ͻ 0.05, Tukey's Studentized range test). Therefore, G is less immunogenic than F and secreted G appears to be less immunogenic than membrane-anchored G.
In vivo production of G. Antigen dose has been shown to influence T-cell differentiation (12, 29, 51) . Thus, production of different concentrations of antigen by different virus vectors may potentially result in different profiles of immune responses following challenge. vvWT G, vvM48I, and vvM48 have been shown to produce similar levels of RSV G in vitro in tissue culture systems (52) . However, due to immunoregulatory mechanisms, this may not be the case in vivo. Thus, we sought to confirm equal antigen production in vivo. Due to dissemination of vaccinia virus, a direct measure of RSV G concentrations in a given tissue was not considered to be an accurate representation of antigen production. Therefore, we measured the dissemination and titers of vvM48I and vvM48. Similar patterns of dissemination to spleen and equivalent viral titers in tail sections were observed at all time points examined (data not shown). To further evaluate replication of these two vaccinia virus constructs in vivo, neutralizing antibody titers were measured. vvM48I and vvM48 immunizations resulted in levels of neutralizing antibodies similar to those for vaccinia virus (data not shown). Production of equal amounts of G from vvM48I and vvM48 in vitro (52) suggests that in vivo levels of production of G antigen between vvM48I and vvM48 are similar.
Reconstitution with purified G during priming. To determine whether enhanced disease and reduced viral clearance produced by vvWT G and vvM48 sensitization were indeed related to the presence of secreted G during priming, immunization protocols in which purified G was coadministered early in the vaccination schedule were designed. Secreted G FIG. 1 . Illness in vaccine-primed mice after RSV challenge. Mice were primed with either vvWT G (F), vvM48I (}), vvM48 (OE), or VSC8 (s) intradermally at the base of the tail and 6 weeks later challenged intranasally with live RSV. Illness was monitored for 12 days following challenge. The data represent the mean and SEM for each group from four experiments (n ϭ 20 for all groups). P Ͼ 0.05 at days 5 to 11 when VSC8-primed mice are compared to vvM48-primed mice and when vvWT G-and vvM48I-primed mice are compared. When vvM48-primed mice are compared to vvM48I-primed mice, P Ͻ 0.05 at each day except day 7 (where P ϭ 0.07). Illness mirrored weight loss measurements (data not shown). was purified to homogeneity from vvM48-infected cell culture supernatant by chromatography on a ConA-Sepharose affinity column (data not shown). To simulate the conditions of priming with wild-type G, purified G was administered on days 0 to 3 to vvM48I-primed mice. The immunogenicity of G alone was examined by administration of purified protein during VSC8 priming. All mice were challenged with RSV 6 weeks after immunization, and illness and weight loss were monitored. The addition of purified G during VSC8 priming established immunologic conditions in which enhanced disease occurred following RSV challenge, as evidenced by increased illness and weight loss relative to VSC8-primed mice (Fig. 3 and data not  shown) . Coadministration of purified G during vvM48I immunization did not result in a significant change in either illness or weight loss compared to mice primed with vvWT G or vvM48I alone.
Clearance of RSV was also examined in mice primed with the recombinant vaccinia constructs and purified G. While purified G in combination with VSC8 priming resulted in enhanced disease, it did not reduce RSV titers after challenge compared to mice primed with VSC8 alone (Fig. 4) . Mice immunized with vvM48I had significantly lower RSV titers in lung following challenge than mice primed with vvWT G or vvM48 ( Fig. 4 ; P Ͻ 0.05, Tukey's Studentized range test). However, in mice coimmunized with purified G and vvM48I, the RSV titers in lungs 4 days after RSV challenge were not significantly different from those in vvM48-or vvWT G-primed mice (P Ͼ 0.05). Thus, addition of purified G during vaccination alters the immunogenicity of vvM48I priming, decreasing viral clearance, suggesting secreted G actively influences the magnitude, specificity, or composition of the immune response.
G-specific antibody isotype response. Antibody titers in prechallenge sera of immunized mice were evaluated in a G capture ELISA. Detectable levels of immunoglobulin were measured in each priming group except mice primed with VSC8 (Fig. 5) . Vaccination with regimens containing membrane-anchored G produced higher titers of antibody than did regimens containing only secreted G protein. Subsequent to RSV challenge, antibody titers were increased to similar levels in all groups (data not shown).
In mice primed with vvM48I, IgG2a antibodies were the dominant isotype generated (n ϭ 5, P ϭ 0.01, Student's t test comparing IgG1 and IgG2a titers in vvM48I-primed mice). In vvWT G-and vvM48-primed mice, IgG2a were higher than IgG1 titers, but the ratio of IgG2a to IgG1 was lower. With the coadministration of secreted G during priming, a shift to IgG1-producing conditions was observed. In VSC8-primed mice which also received purified G, the major antibody response was of an IgG1 isotype (n ϭ 5, P ϭ 0.025 relative to IgG2a titers from the same priming group). Coadministration of secreted G during vvM48I immunization resulted in a shift from an IgG2a-dominated antibody response to a response in which IgG1 and IgG2a antibody titers were about equal. The IgG1/ IgG2a ratios in vvM48I-primed mice were significantly different from the IgG1/IgG2a ratios in mice primed with vvM48I plus G (P ϭ 0.04, Student's t test comparing IgG1/IgG2a ratios [data not shown]). Thus, addition of secreted G to the priming environment can induce a significant shift away from an IgG2a-dominated antibody response. These data suggest that the presence of secreted G during priming reinforces the tendency for G-specific responses to produce IgG1 antibodies. FIG. 5. G-specific antibody titers and isotype profiles. Mice were primed and challenged as for Fig. 3 . Serum samples were collected the day prior to challenge. Titers and isotypes of G-specific antibodies were measured in a capture ELISA by coating wells with purified G protein, adding dilutions of sera, and detecting bound IgG with horseradish peroxidase-conjugated anti-isotype antibodies. Prechallenge IgG1 and IgG2a were measured. Data from a representative experiment (of three) are represented as the mean Ϯ SEM of the log 2 (serum dilution) producing 0.1 OD 450 unit for each group. When IgG1 and IgG2a titers were compared in each priming group, the following P values were obtained: Ͼ0.5 for VSC8, vvWT G, vvM48, and vvM48I plus G; 0.025 for VSC8 plus G; and 0.01 for vvM48I (Student's t test; n ϭ 5 for all groups but vvWT G and vvM48, where n ϭ 6 and 7, respectively).
Cytokine production in the lungs. The concentrations of IL-5 and IFN-␥ in the lung supernatants from mice 4 and 8 days after RSV challenge were measured by ELISA. Both IL-5 and IFN-␥ could be measured in day 4 samples and are shown in Table 2 . Little IL-5 was detectable in day 8 lung supernatants, and IFN-␥ levels were greatly reduced (data not shown). Little IL-5 was measured in the lung supernatants of mice immunized with VSC8 (Table 2) . Highest concentrations of IL-5 were found in mice primed with vvM48I plus G and vvM48. Statistically significant differences were found when IL-5 levels in vvWT G-primed mice were compared to those in either vvM48-primed mice or vvM48I-plus-G-primed mice (P Ͼ 0.0001, Student's t test). Similarly, compared to vvM48I-plus-G-primed mice, the IL-5 levels in vvM48I-primed mice (P ϭ 0.01) and in vvM48-primed mice (P ϭ 0.004) were significantly different. Mice primed with vvWT G and VSC8 plus G had intermediate IL-5 levels, and vvM48I-primed mice had the lowest levels, although the differences between the three groups were not statistically significant (P Ͼ 0.05, Student's t test). Thus, increased IL-5 levels were correlated with priming regimens that included secreted G and paralleled the titers of G-specific IgG1.
Lung pathology following RSV challenge. The alveolar inflammation induced by priming with the different forms of G protein was evaluated (Fig. 6 and 7) . In mice immunized with VSC8, vvWT G, or vvM48, moderate alveolar mononuclear infiltration occurred upon RSV challenge (Fig. 6A, C, and D,  respectively) . In mice primed with vvWT G and vvM48, a significant eosinophil component was present in the infiltrates around arteries (Fig. 7C, D, and G) . Although vvM48I priming reduced the density of infiltration (Fig. 6E) , small numbers of eosinophils were still detected focally (Fig. 7E and G) . When G was coadministered during VSC8 priming, the pathology resulting from challenge was more severe (Fig. 6B and G) and induced prominent eosinophilia (Fig. 7F and G) , absent in mice immunized with VSC8 alone (Fig. 7A) . The addition of secreted G during vvM48I priming did not significantly increase the severity of lymphocytic infiltration (Fig. 6F and G) ; however, this priming regimen did result in the recruitment of abundant eosinophils into the periarterial infiltrates ( Fig. 7F and G). When the degree of eosinophilia was quantitatively examined (Fig. 7G) , similar percentages of eosinophils were found in the lungs of mice primed with VSC8 plus G, vvWT G, and vvM48I plus G (P Ͼ 0.1, Student's t test). The addition of secreted G to vvM48I priming resulted in significantly greater percentage of eosinophils infiltrating the lung (P ϭ 0.002, vvM48I compared to vvM48I plus G). Similar increases were found with the addition of secreted G to VSC8 priming (P Ͻ 0.0001). Thus, the presence of G-specific IgG1 titers and IL-5 content in lung correlated with the amount of tissue eosinophilia.
Cellular composition of BAL infiltrate after RSV challenge. To determine whether infiltration of cells into the air space differed from that seen in the periarterial regions and to quantitate the cellular components of the infiltrate, BAL was performed on day 6 following challenge ( Table 2 ). The greatest number of eosinophils occurred in mice primed with VSC8 plus purified G and with vvM48, and slightly fewer eosinophils were obtained in BAL of vvWT G-primed mice, although no statistically significant difference was detected between these groups. Significantly fewer eosinophils were recruited into the bronchial airways of mice immunized with vvM48I with or without purified G (P Ͻ 0.05 relative to vvWT G or vvM48), contrasting with the increased interstitial eosinophilia observed with coadministration of secreted G during vvM48I priming (Table 2 and Fig. 7F ). Therefore, groups with a high degree of BAL eosinophilia also had increased illness and weight loss. Although the degree of BAL eosinophilia generally corresponded to tissue eosinophilia, mice primed with vvM48I plus G had a higher frequency of tissue eosinophilia yet few eosinophils in BAL.
DISCUSSION
These data suggest that the presence of the secreted form of RSV G during initial antigen presentation (and not solely the primary or secondary antigenic structure) affects the composition of immune responses to RSV infection. Previous work has shown that immunization with RSV G results in more severe disease and lung pathology following RSV challenge (25, 61) . The molecular basis for this alteration in the immune response has not been defined. The unique nature of G provides several attributes which may generate the altered immune response to RSV challenge. First, G is extensively glycosylated: Ͼ50% of the weight of the mature protein is contributed by carbohydrate residues, attached predominantly via O-glycosidic bonds (70) . Also, G contains a high proportion (30.6%) of serine and threonine residues which serve as acceptors for the O-linked oligosaccharides. Third, G protein lacks homology to any other known paramyxovirus protein. The high proline content of 10.1% has more in common with mucinous glycoproteins than viral glycoproteins (31, 39, 70) . G exhibits neither hemagglutinating nor neuraminidase activities (22) and is also unusual in that it lacks both a hydrophobic NH 2 -terminal signal sequence and a hydrophobic COOH-terminal domain, features present in RSV F and other paramyxovirus proteins (70) .
In contrast to previously published studies using recombinant vaccinia virus expressing wild-type RSV G (25, 60, 61) , mice primed with recombinant vaccinia virus expressing only membrane-anchored G are partially protected during RSV challenge, with reduced viral titers observed, although illness patterns are similar. However, in the absence of membraneanchored G, secreted G increases illness and decreases viral clearance. We have shown that priming with secreted G (for both vvWT G and vvM48) is associated with increased IL-5 production and more severe immunopathology, including in- a The mice were primed and challenged as for Fig. 3 . Percentage of eosinophils in BAL fluid was determined by counting Diff-Quik-stained smears. Concentrations of IL-5 and IFN-␥ were measured in day 4 (shown) and day 8 (not shown) lung supernatants by ELISA. Limits of detection are 10 pg/ml for IL-5 and 50 pg/ml for IFN-␥.
b Differences between VSC8, vvWT G, and vvM48 were not statistically significant by Student's t test, nor were the differences between vvM48I and vvM48 plus G. However, the differences between the mice primed with vvM48I (or vvM48I plus G) and the mice primed with VSC8 plus G, vvWT G, or vvM48 were significant (P Ͻ 0.05 for all comparisons).
c Statistically significant differences were found as follows: vvM48I compared to vvM48I plus G (P ϭ 0.01), and vvM48 compared to all other groups (P Ͻ 0.025). Differences between VSC8 and VSC8 plus G, between vvWT G and vvM48I, and between vvWT G and VSC8 plus G were not significant. creased tissue eosinophilia. However, illness correlates with alveolar infiltration of eosinophils, as determined by their presence in BAL, and suggests that secreted G induces factors other than IL-5 which may be responsible for a second step in the activation and migration of eosinophils. These data suggest the secreted form of RSV G modulates the composition of the immune response by inducing IL-5 production and altering patterns of leukocyte trafficking, while the membrane-an- FIG. 6 . Lung histopathology. Mice were primed with VSC8 (A), VSC8 plus G (B), vvWT G (C), vvM48 (D), vvM48I (E), or vvM48I plus G (F) and challenged as for Fig. 3 . Eight days following challenge, lung histopathology was evaluated by staining formalin-fixed lung sections with hematoxylin and eosin (original magnification, ϫ25). Day 8 lungs were examined and graded for severity and composition of alveolar inflammation on a semiquantitative scale (G). No statistical difference was found among any group except the VSC8-plus-G group, in which inflammation was significantly higher than in any other group (P Ͻ 0.03, Student's t test, n ϭ 5).
chored form of G may have a separate and dominant immunoregulatory effect on factors producing illness.
Several immunoregulatory mechanisms have been described for soluble antigen. Soluble antigen has been shown to regulate the development of germinal center B cells by selectively inducing apoptosis of high-affinity antigen-specific B lymphocytes (50, 56) . This ability to direct B-cell differentiation is hypothesized to indicate clonal deletion of self-reactive B cells FIG. 7 . Tissue eosinophilia. Mice were primed with VSC8 (A), VSC8 plus G (B), vvWT G (C), vvM48 (D), vvM48I (E), or vvM48I plus G (F) and challenged as for Fig. 3 . Eight days following challenge, lung eosinophilia was evaluated by staining tissue sections with Luna's stain (original magnification, ϫ250). Tissue eosinophilia was quantitatively measured by counting the percentages of eosinophils in Luna-stained formalin-fixed day 8 lungs (G; n ϭ 5). Differences between VSC8 plus G, vvWT G, and vvM48I plus G were not statistically significant. vvM48-primed mice were significantly different from all other groups (P Ͻ 0.05). P ϭ 0.002 for vvM48I compared to vvM48I plus G; P Ͻ 0.0001 for VSC8 compared to VSC8 plus G and for vvWT G compared to vvM48I. VOL. 72, 1998 SECRETED RSV G PRIMING INDUCES IL-5 AND EOSINOPHILIA 2877
and, thus, be a mechanism of avoiding autoimmune disease. Soluble antigen will be processed and presented in the context of major histocompatibility (MHC) class II molecules. MHC context of antigen presentation (41) , the type of antigen-presenting cell used (11, 54) , and the presence of different costimulatory molecules (13, 55) have been shown to regulate the development and maturation of T-cell subsets. Antigen dose may also be a determinant in T-cell differentiation. In most systems, immunization with large doses of antigen induces effector cells exhibiting a type 1 cytokine profile, whereas lower concentrations of priming antigen tend to generate type 2 effector cells (12, 29) . However, some antigens have the reversed profile, with high doses favoring development of Th2 cells and low doses inducing Th1 cells (51) . Thus, the induction of severe disease by the presence of soluble G during priming suggests that either the concentration or processing of G or its subsequent recognition by selected T-cell subsets may be a key determinant regulating immune responses following subsequent RSV challenge. Infectious organisms ensure their survival by developing mechanisms to avoid detection or subvert immune responses. Some strategies include production of cytokine receptors by the organism (30) or blocking induction of the immune response at the level of antigen presentation (14, 28) . A body of evidence which suggests that induction of Th2-mediated immune responses provides a survival advantage for many intracellular pathogens, including viruses, is also accumulating (13, 21) . For example, measles virus suppresses cell-mediated immunity by down-regulation of IL-12 expression through signals mediated by measles virus binding CD46 (33) . Also, disease progression and infection with human immunodeficiency virus have been associated with Th2-dominated responses (16, 37) . Human immunodeficiency virus infection has been shown to suppress IL-2, IL-12, and IFN-␥, but not tumor necrosis factor alpha or IL-6, induction by Toxoplasma gondii (15) . Thus, the induction of a type 2 T-cell response by secreted RSV G may serve as a defense mechanism the virus has evolved to favorably modulate immune responses.
Previous work has established priming or infection with Gexpressing vectors results in increased illness and pathology (61) . The ability of RSV G to produce cytokines associated with a Th2 response has been clearly demonstrated (2, 4, 25) . In this and other studies, FI-RSV priming has also been shown to induce Th2-type cytokine profiles in mice (19, 62, 69) , thereby associating this type of response with the RSV vaccineenhanced illness seen in children in FI-RSV vaccine studies in the 1960s (32, 34) . In this study, we have addressed whether it is the primary or secondary antigen structure of G, or the presence of secreted G or antigens with obligate processing through the endocytic pathway and MHC class II expression, which increases disease severity. The IgG2a isotype antibodies and disease protection observed in mice primed with membrane-anchored G and the IgG1 isotype antibodies and more severe illness induced by immunization with secreted G imply that different Th1-and Th2-associated cytokine profiles may be induced by priming without and with secreted G, respectively. We therefore propose that the link between RSV G immunization, FI-RSV-induced vaccine-enhanced illness, and induction of type 2 cytokine profiles is not induced by G itself but rather results from the initial presentation of G to the immune system in secreted form. This might then promote the induction of Th2 CD4 ϩ T-cell differentiation in part by precluding intracellular antigen processing, presentation of antigen by MHC class I molecules, and loss of the early contribution of CD8 ϩ T cells to the cytokine milieu (17, 59 ). Evidence suggests that full activation of eosinophils requires a two-step process involving IL-5, eotaxin, or other cofactors (42, 53) . Extracellular matrix proteins (36) and VLA-4 on eosinophils (44) may also be involved in eosinophil recruitment and infiltration. These observations may be invoked to explain the differential patterns of eosinophilia and disease severity induced by priming with membrane-anchored and secreted G. Our data suggest the hypothesis that immunization with any form of G (membrane anchored or secreted) may recruit eosinophils upon challenge via the induction of IL-5, but the presence of secreted G is required for inducing the activation associated with movement of eosinophils into alveolar spaces to produce more severe disease.
The data presented in this paper suggest that priming with secreted RSV G promotes eosinophil recruitment associated with IL-5 production and that illness is associated with the movement of eosinophils from the interstitial compartment in the lung to the alveoli. We propose the secretion of G from RSV-infected cells represents a strategy to modulate and evade effective immune responses. The presence of a small number of alveolar eosinophils in mice primed with membrane-anchored G suggests a direct effect of the primary or secondary antigenic structure of G on the induction of type 2 immune responses that is compounded by its secretion as a soluble protein, resulting in increased eosinophilia. Understanding how secreted G interacts with different elements of the innate and adaptive immune system might provide insight into basic mechanisms of clearance for RSV and other viruses.
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